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Quarks The Standard Model
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Is this the whole picture?



Remarkable Success!
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@ 7 TeV CMS measurement (L < 5.0 fb)

@ 8 TeV CMS measurement (L < 19.6 fb™)

o 13 TeV CMS measurement (L < 137 fb™)
Theory prediction

4 Z Z CMS 95%CL limits at 7, 8 and 13 TeV
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All results at: http://cern.ch/go/pN;j7

EW,Zyy,Wyy: fiducial with W—lv, Z—ll, l=eu Th. Ao, in exp. Ao
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Why do we look beyond the SM?

... it doesn’t predict everything we want:

« Gravity? Dark Matter? Dark Energy? Neutrino masses? Matter/antimatter

asymmetry?

... and the SM contains some headaches that Beyond the SM may fix
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And we’ve
looked for BSM

Supersymmetry

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

March 2021 Vs =13TeV
Model Signature  [£ar (] Mass limit Reference
T T —— T T T T —
Oep 2-6jets ENS 139 1.85 m(¥})<400 GeV 2010.14293
. mono-jet  1-3jets 361 |4 [8xDegen] 0.9 m(@)-m(E)=5GeV 2102.10874
2 Ocp  26jols EPS 139 | 23 (=0 GeV 2010.14293
§ z Forbidden 1.15-1.95 m(¥})=1000 GeV 2010.14293
3 Teu  26jets 139 |z 22 m()<600GeV 2101.01629
g ees fi 2jets  EP™ 361 z 1.2 m(@)-m(¥)=50 GeV 1805.11381
g Oeu 7-jets  EP 139 | & 1.97 m(¥}) <600 GeV 2008.06032
S SSeu 6 jets 139 z 115 m(z)-m(1)=200 GeV 1909.08457
£ 0-1e.u 3b EP™ 798 I 225 m(¥})<200 GeV ATLAS-CONF-2018-041
SSe.u 6 jets 139 |2z 1.25 m(z)-m(¥])=300GeV 909.08457
biby Oep 26 EFS 139 | 1.255 m(¥})<400GeV 2101.12527
b 0.68 10 GeV<Am(b, ¥1)<20 GeV 2101.12527
o Bibi, by—b¥) - bht) Oen 6b 139 b Forbidden 0.23-1.35 Am(ES, ¥1)=130 GeV, m(¥})=100 GeV/ 1908.03122
%’ S 27 2b ERs 139 |5, 0.13-0.85 Am(¥2,¥))=130 GeV, m(¥})=0 GeV ATLAS-CONF-2020-031
55
8.§ ff,h —»d‘,’ 0-1ep > ljet  EPS 139 i 1.25 m(E)=1GeV 2004.14060,2012.03799
: S aid SWbE) leu  Bjetsb EMS 139 | & Forbidden | 0.65 m(P})=500GeV 2012.03799
% 5 O h-tby, T —1G 127 2jets/t b EP™ 139 o Forbidden 14 m(7)=800GeV ATLAS-CONF-2021-008
T L Ah, ol eock) Oep 2¢  EM 361 |z 0.85 m(E)=0GeV 1805.01649
©3 Ocu monodet EMs 139 |7, 055 (R, 0)-m(E)=5 GeV. 2102.10874
i1y, i >0y, 9 —Z/hi) 1-2epu 14b  EPS 139 | & 0.067-1.18 m(E)=500 GeV 2006.05880
iy, hhoh +Z 3en 1b EMS 139 | & Forbidden 0.86 m()=360 GeV, m(7,)-m(¥})= 40 GeV 2006.05880
TR via Wz 3ep EE‘“ 139 )7;/)7“ 0.64 m(¥h=0 ATLAS-CONF-2020-015
ee. it >ljet EPS 139 |Gk, 0.205 m(E)-m(E)=5 Gev 1911.12606
T viaww 2en Eps 139 ¥ 0.42 m(E})=0 1908.08215
RS via Wh 0-1epu 2bl2y  EPS 139 | ¥/ Forbidden 0.74 ¥ 2004.10894, 1909.09226
3 E XX via /v 2ep EPs 139 | & 1.0 1908.08215
w % %, -1k 27 Epis 139 * [fL, TRU 0:46-0:30 0.12-0.39 1911.06660
Brlig, I8 2ep 0jets I:“E"m 139 |7 07 1908.08215
ee.put zljet EP™ 139 |7 0.256 1911.12606
AH, A—hG(2G Oeu >3b E‘E’““ 361 | @ 0.13-0.23 0.29-0.88 BR(Y] — G, 1806.04030
dep Ojets  EM® 139 | 0.55 BR(Y, - ZG)=1 2103.11684
Direct X1 X; prod., long-lived ¥; Disapp. trk ~ 1jet  EM 139 |iy 0.66 Pure Wino ATLAS-CONF-2021-015
Ba X 0.21 Pure higgsino ATLAS-CONF-2021-015
$ % Stable g R-hadron Multiple 36.1 z 20 1902.01636,1808.04095
E’ E Metastable g R-hadron, )?—»qq,?? Multiple 36.1 m(¥!)=100 GeV' 1710.04901,1808.04095
S i Displ. lep Eps 139 () =0.1ns 2011.07812
7(0)=0.1ns 2011.07812
TR Wiszestee Ben 139 Pure Wino 2011.10543
TET RS — Wwyzeeeewy e Ojets  EP™ 139 m(¥})=200 GeV 2103.11684
8, 8490, ¥ - qqq 4-5 large-R jets 36.1 Large 1), 1804.03568
S 7 W) K o bs Multiple 36.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
& i, isb¥T, X7 — bbs >4b 139 Forbidden m(¥;)=500 GeV 2010.01015
Qi i —bs 2jets +2b 36.7 1710.07171
iy, fi—qt 2epn 2b 36.1 0.4-1.45 BR(7) —>be/bu)>20% 1710.05544
1 Y 136 1. BR(7) —gu)=100%, cost,=1 2003.11956
IR IR, R0, tbs, KT —bbs 1-2eu  >6jets 139 [ &) 0.2-0.32 Pure higgsino ATLAS-CONF-2021-007
L L L L PR | L L L L L
*Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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And looked...

Contact
Interactions

Dark Matter

R parity violating

Extra dimensions

Excited Fermions
Heavy Fermions

Leptoquarks

Heavy Gauge
Bosons

i

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).

string resonance
2y resonance

Higgs y resonance

Color Octect Scalar, k? = 1/2
Seala Dl

i+

kN @, Poidecair scni) g,., X BR($=21) > =0.03(0.04)

‘quark compositeness (q4), furs =1
quark compositeness (£1), N =1
quark compositeness (qd). Musw
quark compositeness (21). uuss = = 1
Excited Lepton Contact Interaction
Excited Lepton Contact Interaction

(axial-)vector mediator (¥x), g = 0.25, gou = 1,m, = 1 GeV
(axial-Jvector mediator (qd). go = 0.25, gow = 1,m =1 GeV.
scalar mediator (+4/th). go = Gev

pseudoscalar mediator (+2/t), g

1Gev
rk QCD), M = s o, T =25 mm
Bavynm: 2. gq=0. zs Gou=1,m; =

~2HOM, 97 = 0.8,
Vecor resonance, gq =0.25, gou
Leptoquark mediator, §

RPV 5top to 4 quarks
RPV squark to 4 quarks
RPV gluino to 4 quarks

RPV gluinos to 3 quarks

ADD (j) HLZ. neo =
ADD (yy. 1) HLZ, neo =3
ADD Gy emission, n =2
ADD QBH (), neo

non-rotating BH, Mo = 4 TeV, neo = 6
SPIt-UED, =4 Tev
RS Gix(9d. 99). ki = 0.1

excited light quark (qV), fs = f=f =1 A=mq
excited b quark, fs=f=F=1,A=m;
excited light quark (qg), A=m;

excited electron, fy == =1,A=m;
excited muon, fs=F=F=1,A=m;]

UMSM, [Veul = 1.8, [Viul® =18

UMSM, [V /(| Venl? + Vi) = 1.0

Type il seesaw heavy fermions, Flavor-democratic
Vector like taus, Doublet

scalar LQ (pair prod.), coupling to 1% gen. fermions, B=1
scalar LQ (pair prod.), coupling to 1** gen. fermions, B=0.5
‘scalar LQ (pair prod.), coupling to 2™ gen. fermions, =1
‘scalar LQ (pair prod.), coupling to 2" gen. fermions, 8= 1
Scalar LQ (pair prod.), coupling to 2% gen. fermions, f = 0.5
scalar LQ (pair prod.), coupling to 3" gen. fermions, =1
‘scalar LQ (single prod.), coup. to 3¢ gen. ferm., f=1,A=1

25, narrow resonance
Zp, narrow resonance
SsMZ'

S5M Z(a)

Z(qd)

Superstring 7,

LFV Z, BR(ep) = 10%

SSM Wigd)

LRSM Wa({e). M, = 0.5Mu,
LRSM Wy, My, = 0.5My,
Axigluon, Coloron, cotd =1

zzzx

zzzzzzzzx

=5
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Overview of CMS EXO results 2020

36-140 fb~? (8,13 TeV)

OB 1912.12236; 1604.08907 (2)
B 035 171203143 (24 1y 2e 4 1 2] + 1Y)
 O2=3251 1608.01257 (1] + 1y)
o =37 1912.12238; 1604.08907 (2))
OS5, 191212238, 1604.08907 (2))
1911.04968 (3¢, = 41)
1911.04968 (31, = 41)

1803.0803 (2))

S SIe 1712.02305 (2 1) + EF)
1912.12238; 1604.08907 (2))

[ 029 150101553 (0,104 2 3 +E7)
1901.01553 (0, 11 + = 3) + EF™*)

1712.02345 (= 1§+ £7)

190801713 (h + E§)
0355070 1911.03761 (= 3))
PO035060] 181110151 (1u+ 1 + EFF)

I OE=0S2  1808.03124 (2); 4))
S

1806.01058 (2))
R AT 1806.01058 (2])

 ————— JUNC

1803.0803 (2))
1812.10443 (2y, 20)
1712.02385 (= 1) + Ep=)
1803.0803 (2j)
1602.01122 (ew)
1809.00327 (2y)
1803.0803 (2j)
180201122 (ep)

T 0A=2T 1803.11133 (£ + E7)
05206 1912.12238; 1604.08907 (2))

1805.06013 (2 7)(t, V)

171104652 (v +i)
ISR 171104652 (v +))
1912.12238; 1604.08907 (2))

o s
025 =393 1811.03053 y + 20)
025385 151103052 ( + 20)

<12 1802.02965 (31(, €))
0.02-16 180610905 (21, = 1j)
191104968 (3¢, = 41)

0.12-0.79  1905.10853 (31, =41, 2¢, =17)

181101107 (26 +2))
<127 181101197 (2e +2j; e +2j + EPS)
<153 1808.05082 (24 +2))
08-15 181110151 (1p+ 1 + EP)
SRR 120505062 (g + 2w + 21+ )
<102 181100806 (21 +
<074 180603472 (2t +b)

1912.04776 (20)

£x0-19.019 (20
052191 1912.12238; 1604.08907 (2])
1905.10331 (1), 1y)

N O-19-019 (2
02 =4 1802.01122 (o)
S O05S045  1909.04114 2)

180311133 (1 + £

S a2
DA 160711421 (4 E9)
P — A 1912 12235 1605.08307 (2]
1803.11116 (22 + 2j)
1811.00806 (27 + 2j)
05601 1912.12238; 1604.08907 (1)

20

20

0.1 1.0

10.0 \pass scale TeV (log)
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I’ve looked too...

My Run 1 DO Thesis result (1999) Latest CMS result (2020)
N: 400 - T Provi -1
> I R - < 2000 NS LR O
) - : By, This experiment > ~§5,§—~ Approx NNLO+NNLL excl o
O S R © 95%CLuels +Er 1 3 1g00| " A%, ApproxNNLOAWNLL exclson | Bl 4 8
¥ S iy i /% (MSUGRA:tan B =21 = =Observed = 10y, 1 5
3 300—8i < & Ay=0,1<0) £1600| I2:Expected = 1,220 1 B
(2} - O I: ’ b1 . expenment - S
£ L i ) 80p i o | PR
ai > 1400( g 107,
- Of - No corresponding . - - e 173}
mSUGRA model 3 1200 8 1 g
200 — . 1 ] s
i 1000 B .S
] 800 o4 1 E
100 - 600f S - g
i C 50 1 410° >
-~ 4001 X =3 -
.....................-:' — L :: : 1 O
2 N ] 200{- st |
w : 1 - h LO
l’lllrllllllllI|Illlllllllllll O_"'I""I"' ':..--10—4°>
0 100 200 300 400 500 600 1000 1500 2000 2500
glumo (GeV/C ) My [GeV]
Jt s
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Still looking...

No direct confirmation of a Beyond the Standard Model theory and precious few
experimental hints to guide us. Here are maybe two...

1) LHCD test of lepton flavor universality

(March 2021) _BBoKutu)sm

Ric = B(B - Kete™)

- BaBar

0.1 < ¢*<8.12GeV¥/c*

, Belle

1.0 < g? < 6.0 GeV?*/c*

LHCb 3 fb’!

1.1 < ¢*<6.0 GeV¥/c*

LHCb 5 fb!

1.1<¢><6.0GeV¥c*

3.10 ~e— i LHCb 9 fb”!

1.1<¢*<6.0GeV?/c?
L

0.5 1 1:5

Ry

10

a, (Relative to SM 2020) x 1070

40

30 1

20 1

10

|
=
o

I
N
o

2) Muon g-2
BNL E821 Value
+ Expected FNAL Muon g-2 precision
3.70 ¢
\ H ) + SM 2020
Previous SM Estimates

'LQQD‘ 190% ’LQ\:L 1@6 1010
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The “g-factor” basics

-

Orbiting charged particle: i, = [A = imL

Spin Y2 particle has an
intrinsic magnetic moment:

-- -
- -,
~ -
e A

is = g—S$

2m

For classical systems, g =1

For the electron, g = 2 was known from Stern-Gerlach and spectroscopy experiments

2% Fermilab
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Why does g=2?

Predicted theoretically by Dirac in 1928

Paul Dirac

An aside: in 1933, for protons g = 5.6,
neutron g = -3.8
Protons and neutrons are not like electrons!

For the electron, g remained = 2 for twenty years
2 Fermilab
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Why is g > 2?

1948: Foley & Kusch in spectroscopy measure g, = 2.00238(10) 0.12%

—
Write as the anomalous magnetic moment a4 = gT , 2, = 0.00119(5)

Soon after this, Schwinger calculates first order QED correction
a, = % = 0.00116

Quantum
Corrections

K Julian Schwinger
2 -+ 0.00236 + .. “His laboratory is his ballpoint pen”

2% Fermilab
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Electrons vs. Muons

Currently: a, = 0.001 159 652 180 73(28) ... a 0.28 ppt result! Hanneke et. al., PrRA 83, 052122 (2011)

trap cavity electron

top endcap

Difference from QED prediction is |6a,| < 9 x10713 . ik
Exce”ent ag reement - compensation
electrode

nickel ring electrode
rings —

But hadronic and weak contributions to a, are tiny - st

e hadronic = 1.671(19)X107%?  ag yeak = 0.030(01)x10~12 //

Gabrielse et. al., PRL 97, 030802 (2006) microwave st —> i \

point

Sensitivity goes as (m,/m,)” ~ 43 000
So, look to Muons...

2% Fermilab
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Controlling and measuring the muon spin

Production: Muons from n™ — u*v,, are polarized
97% polarization

o—fc o— 0 4w

q h

Spin direction

Decay: "Self analyzing” u* — e*v,v,

v, «4_ Highest energy positrons
emitted along muon’s
Ve < | spin direction

2% Fermilab
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Muons at rest in a magnetic field — Larmor Precession

+B eB

A¢ Wy = g ——

------ x 2mc
6) AN
- ,) ;
2m,
Torque
S T=M x B
.......... i""l-n..‘_ .
{‘ |
http: //hyperp;r:n\-/s'l.c;-p;f;\; astr gsu edu/hbase/magnetic/larmor.html .
2& Fermilab
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First experiment for muon magnetic moment

B. Lee Roberts, SciPost Phys. Proc. 1, 032 (2019)

1957: Garwin, Lederman, Weinrich at Nevis (confirmed Yang & Lee parity violation)

CARBON ABSORBER
TO STOP PIONS

85 MEV
PION"BEAM

—

GATE-INITIATING
COUNTERS (4"X4")

—IMAGNETIZING

CURRENT
|
' ~
! ~LCARBON TARGET

RS

"“MAGNETIC SHIELD

17

Direct measurement of g (asymmetry vs field)

1.4 Gl 2ans I

T

-

"'KLC}\\

; T I | T
| |
N
i
|

TN

/ J\\i,,r

~

Y

COUNTS RELATIVE TO ZERO APPLIED FIELD

- |

| QI ! |

!vl

F
1

=60 ~.40 =20

AMPERES - PRECESSION FIELD CURRENT

ki
o

+.20 +.40 +.60

gy, = 200+ 0.10 5% uncertainty
‘u - . L .

Muons behave like electrons

gy = 2.004 + 0.014 Cassels et. al. (Liverpool)

2% Fermilab



Subsequent Experiments

CERN | (1965) a, = 0.001162(5) + 4300 ppm (Non-relativistic)
CERN Il (1968) = 0.001166 16(31) =+ 270 ppm (storage rng)
p = 1.27 GeV/c I . ‘

B=17T

CERN Il (1969-79) a, = 0.001 165 924(8.5) * 7.3 ppm (storage ring)
pr =3.1 GeV/c B =147 T Large systematic due to magnet edges

BNL E821 (2001) a, = 0.00116592089(63) £ 0.54ppm B =145T

2% Fermilab
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Muons moving in a magnetic field

: : gueB eB
Thomas (spin) precession We = 1 —
(spin) p 5 2myce +( v) mcy
eB
Cyclotron Frequency W, =
(Momentum precession) el
: : P — du—2 eB eB

A nice simplification Wg = Wg — W, = = a, —

2 myc myc

True for any ring
and any muon momentum

2% Fermilab
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Spin and Momentum

20

2% Fermilab



What do we measure?

Remember, u* — e™v,v, and highest energy positrons are in spin direction

ie [ T T T T I T T T T I T T T T T ! T l;_ T T T T T T T T T |
2.00+ i S 5 4 ]
! > _ \ 25F El
: & 3000— L ok 3
1.75+ - £ C - f
< _ E 4
E 2500(— ok i
— 1.50F i Threshold energy . o ]
E : o 50 05 1 15 2 25 3 35 4 45 :
= 1.25f : d 2000(— 3
£ | - -
=~ 1.00} o 1500; —
5 - ]
= 0.75F Spin = u ]
S 1000{— -
0.50+ q . C E
Momentum 500— -
0.25r . u a
0_ 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 E 1 1 I 1 1 1 1 I 1 1 1 1 I -

0 500 1000 1500 2000 2500 3000

0005605 10 15 20
Energy [GeV]

2.5 Positron Energy [MeV]

2% Fermilab
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Improvements and a miracle

eB
Wg — W — W, =— a4, —
a S c u muc
Since a, = g,/800, measuring w, gives big improvement in precision than for muons
at rest measuring g,

But a problem — how do we vertically confine the beam of muons in the ring?
Introduce electrostatic quadrupoles. That leads to...

G =~ | = () (B )7 = (0~ ) (BB)

mc

Can mostly cancel last term if we choose y = 29.3 (0.9994¢) p, = 3.09 GeV/c
Vertical beam oscillation leads to muon decays out-of-plane (pitch correction)

2% Fermilab

22



Theoretical interlude Muon g-2 Theory Initiative White Paper Phys. Rept. 887 (2020) 1-166

sM _ QED, 'EW_,  HVP, _HLbL SM _ -11
a,” =a, +aq, +a,  +aq a;” =116 591810(43)x10
370 ppb
QED HVP L o ]
E; Contribution to ., 4.,
& 1073 .
u u 5
g 107 -
§ HLbL £
S 1079 |
h 10—-11¥ _
H HLbL

2% Fermilab
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Data Driven HVP Calculation 340 ppb uncertainty (dominates)

100 - A—
Keshavarzi, Nomura, Teubner, 2018 ::,
2N T
M M + 7T 04 0.6 0.8 \18 [Gev11 2 14 1.6 1.8
e Phys. Rev. D 97, 114025 (2018)
T
'\ —
< + decades of eTe~™ — hadrons data
O o(eT e~ —hadrons)

+ dispersion relation with R(s) = ="

New Lattice QCD efforts are interesting and looking promisin ]
g A & £= Fermilab
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History

New Sensitivity
BNl [IITY a. = 116 592 089(54)st(33)syst(63)cot X 101 5 loops QED, EW
cern il [REIE) Hadronic
E’ CERN Il L[] 3 |00pS QED
E.’_ CERN | 2 |OOpS QED
LL

Nevis

Cassels LY/

iy

-
o

102 103

—
o
>

105 106

-
o
<

Ta, X 10~

2% Fermilab
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Situation prior to 4/7/2021

i A |
HVP from:
WP20(lattice)
DHMZ19 e
KNT19 B
WP20 .
1
< 370
| . B L (ol |
50 -40 -30 -20 -10
SM_a:xp ) X 1010

10

26
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Goals of the Fermilab Experiment BNL result sparked lots of interest!
400 — BNL E821: 4703 total citations EEEESSE

RL 2002

Reduce the overall error by a factor of ~4 | I I
540 ppb — 140 ppb R S R e

SO0 0SOS0S0S0S0S0S0 S 0050 S 0505050,
VU DB % % G LB 07 77 7 "5 e 77890,

Do the experiment at Fermilab with
more powerful and cleaner muon beam

300

200

# Citations per year

100

With 20x more muons, reduce the
statistical uncertainty 460 ppb — 100 ppb

With many improvements, control systematics
~3x better 280 ppb — 100 ppb

Reuse the BNL ring (and recycle lots of other parts) |
g W
rmilab
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Muon g-2 collaboration
USA China

— Boston — Shanghai Jiao Tong

— Cornell 5 Germany
— llinois _  Dresden
- .|J<amtes L\Aadison —  Mainz
- entucky
— Massachusetts l] Italy .
— Michigan —  Frascati
— Michigan State — Molise
—  Mississippi - N.aples
— North Central = Plsa
—  Northern lllinois — Roma Tor Vergata
—  Regis —  Trieste
~ Virginia ’//.\ = e
- Washington S Korea
USA National Labs - CAPP/IBS
— Argonne i - KAIST
—  Brookhaven Russia
— Fermilab —  Budker/Novosibirsk
— JINR Dubna

N |/
/IN

United Kingdom
— Lancaster/Cockcroft
— Liverpool
— Manchester
—  University College London

28

Muon g-2 Collaboration

7 countries, 35 institutions, 190 collaborators

>200 collaborators
35 institutions
7 countries

Accelerator Physics

Storage Ring

Beam manipulation

Precision
field

Calorimetry

Precision NMR

Tracking
beam shape

Field multipoles High rate DAQ

Nuclear Physics

High Energy Physics
10 collaborators from BNL E821

2% Fermilab



The Big Move of the 50’ diameter magnet (2013, 3000 mi, 3 months)

- / \
Mississippi - Alabama

=» % }\ ﬁNassa

The Bahamas ’

2% Fermilab




The Fermilab
Muon Campus

S S S

g oo SN

A\
T

L

2% Fermilab




The Fermilab
Muon Campus
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Delivering Muons

Protons accelerated in Linac, Booster and y ~ Recycler
into the Recycler ¥/ [ Ring

Repurposing the Tevatron anti-proton
source

Muon g-2 :
Target Station

Beam Transport
& Delivery Ring~
./'

"
7

2% Fermilab
32



Delivering Muons

Recycler

8 GeV protons from the Booster enter the , V' e
Recycler Ring for re-bunching (@ v

16 bunches per 1.4 s cycle

10 ms 197 ms 1063 ms

11 |

<«

Cycle length 1.4 sec

Recycler is a permanent magnet ring that
was used to retain the Tevatron anti-proton
“stash” after a Tevatron shot to be “recycled”

into the next shot

2% Fermilab
33



Delivering Muons

Repurposing the Tevatron
anti-proton target

120 ns wide 8 GeV proton
bunch

Inconel (nickel alloy) target
Avg 9.84x10'! protons on target

T+ after
selection

" before |
selection

Lithium lens & pulsed &
magnet for 3.11 GeV ™

per POT
=" per POT

- 0
o 1 2 3 4 5 6 7 8 o 1 2 3 4 s 6 71 8

2% Fermilab
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Delivering Muons

280 m transfer line for rt - u*
High quadrupole density

Accepts Ap/p = +4% collecting 3.09 GeV muons
from forward decays (longitudinally polarized)

~ 80% of pions decay in the transfer line
95% polarized

35

& Delivery Ring~
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Delivering Muons

Delivery ring
Repurposing the anti-proton debuncher

4 turns around the 505 m circumference
separate muons from hadrons

Entry Turn1 Turn 2 Turn 3 Turn 4
+ ‘ “"x ,l, t i | M |
F / f f
o \ I N f
| b VI VT ] e | LI '
WL Y] U fh»-f“ \ ."J?._.’““s IN] 1V Y
N r A VARY, “ v o | 8 |
4l I : ,I = L YT = kaIZlunwr\‘ : APOISmin Demep ! AP0/ 4 tums in Delivery Ring /

Protons are kicked out of the beam

Muons go to MC-1 and into the g-2 storage ring
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Muon g-2 ring
5 000 u/fill stored
(2% of injected)
u lifetime is ~ 64 ps
Fill is 700 us

(about 10 muon lifetimes)

Cyclotron period
149.2 ns

R, =7.112m

2% Fermilab
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The Magnet

145 T
Superferric
magnet

38
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Storage Ring Magnet

Iron yoke excited by superconducting
coils

Pieces of asymmetric iron including
wedges, laminations, and shims
for shaping the filed

Storage region radius 4.5 cm
Magnet radius 7.112 m

Shimmed to better than 50 ppm
(3x better than Brookhaven)

39

innercoil =

top hat

pommmy  thermal
insulation)

‘B

wedge |

edge ;

shim opeo
muon
region

I¢ pifce "\ outer

t}; fixed NMR probes
"4

oPp o]

sugrace | outer
repctign coil L

©

inner coil

Current direction indicated by red markers
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Shimming the magnet

Took a year to interactively map, simulate, and adjust top hats, 864 wedges,
366 pole feet attached to 72 poles to +6 um and 8424 foil shims

BNL Shim FNAL Shim

16001

1400"

% 800 %
(= ¢
O 600 j

400 /\/\

200 s

0 50 100 150 200 250 300 350
0 [deq]
o
Nov 2015 Jan 2016 Mar 2016 May 2016 Jul 2016 Sep 2016

2% Fermilab
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Shimming the magnet

B-fie_ld (ppm)

~Vertical (cm)

.
-
-
-
-
-
;
-
!
:
:
i
:
:
F
of
-
_4

Oct 2015
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Inflector

2% Fermilab

42



Entry & Inflector magnet

Muons need a field free section to enter the
storage ring

Height (mm)
U
o

Superconducting Inflector magnet cancels the
1.45 T field. Surrounded by superconducting
sheet to avoid perturbing main magnet

7170 7190 7210 7230 7250
Radius (mm)

2% Fermilab
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Kickers

Beam must be

kicked 10 mrad

— 137 kV

125

~ 200 G field

Must turn off

within 149 ns

)

(first turn

2% Fermilab
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Kickers

45

?1 50 T l T T T | T T T I T T T I T T T
= B — Kicker Pulse from Magnetometer Data
g - ----TO Pulse 1
- Y Cyclotron Period 7
e —
« 100 —
> ]
=
0 i
c
) 4
£ 50 -
0 MJA
_50 - 1 I 1 1 1 | 1 1 1 I 1 Il 1 | 1 1 1 ]
-0.2 0.0 0.2 0.4 0.6 0.8
Time [us]
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Quadrupoles

Electrostatic
Quadrupoles
(ESQ)

Vertical focusing

4 sections

each with short &
long

43% of
circumference

2% Fermilab
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ESQ

o S

[ ‘l[;".;;l | '.ll‘lsil I e ™
# +18KV

't - 1 U UL : |:' l ;l;l l[l]'[’ |l| l‘l‘vll "
l!ln_u.'a’ I {‘)] | 10! ] 1

'..‘"‘"“
IR

Picture credit: Hogan Nguyen
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ESQ - Challenge in Run 1

Quadrupole plates are pulsed at =
18.3 kV or 20.4 kV =

On for 700 us fill then off

Nominal 1-Step
......... Nominal 2-Step
......... Beam Injection
— — - Fit Start Time
Damaged 1-Step
.................. Damaged 2-Step

RC time constant designed to charge
Quads in ~ 5 us

12

But HV two resistors (of 32) were
damaged and prolonged the turn on

o N
£ II[IILuII]IIIIIIIIIIIIIIIlIIIIIIIIIII
= R
| :,,,,“,l’, f...‘
*,, .
R e ELLEE T TP
n,,”'“‘ -_.-...-.
"'l"‘ru, ....'~
70, .
2455 o

Implications for beam dynamics i Psrumlopns luwgg
150 200 250 300

[Fixed after Run 1] Time [us]

2% Fermilab
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Calorimeters

24 Calorimeters
for measuring
positron energy

49




24 Calorimeters

12 vacuum chamber sections

Decay electron —.

Decay electron

L TR

Calorimeter active volume

Traceback chambers

Calorimeter active volume

9x6 array of PbF, crystals
Fast SiPM readout

800 Msamples/s
waveform digitizers

50




Trackers

2 stations of straw l‘; ;
trackers in vacuo ~— s

Argon-Ethane
1500 channels

Gives spatial
distribution and
u beam properties

2% Fermilab
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Straw tube trackers

52

Decay electron —.

it
sonstorad® ot /
W Decay electron

= 10—

Calorimeter active volume

Traceback chambers

Calorimeter active volume

"‘I"l"'v'vm.‘ .
—

Muon
storage

region

\i",l,\\lv
|

;HH\"“
R
\ ‘l|‘il

|

2% Fermilab



. . eB
Measuring the Field Wq = s — We = @ —
We need to determine B to < 100 ppb H

Use NMR probes to measure B in terms of proton precession Trolley cross-calibrated to absolute probes

Absolute probes all cross-calibrated ina 1.45T

frequency Wp MRI magnet at Argonne National Laboratory
PT1000 macor support alun|1inum shield macor support
378 fixed probes Trolley maps field EI
monitored 24/7 every 3 days &

electronics RF coil support RF coil ~ water sample plastic support

254 mm
100.00 mm
Serial inductor coil Base piece w.

double crimp connection

Outer crimp ring

vertical position [mm]

o

o B . o o o @ 4

orizontal position [mm]

2% Fermilab
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Measuring a,,

a

U

Wg My

e

w,: Muon spin precession frequency

@p (T,): Precession of protons in shielded water
sample at 34.7 °C mapping the field and
weighted by the muon spatial distribution

54

Y (mm)

(Ppm)

y [mm]

us

Wq

others (total known to ~ 24 ppb)

Up(Tr) pe(H) My ge

s S
intensity [arb. u.]

o S
Relative muon

(7){9 (Tr) uHe(H) Ue

me 2

@y, (T): Proton Larmor precession frequency in a spherical

water sample (temp dependence known to < 1 ppb/°C)
Metroligia 13, 179 (1977); 51, 54 (2014); 20, 81 (1984)

te(H)/1p(T): Measured to 10.5 ppb at 7. = 34.7°C
Metrologia 13, 179 (1977)

Uo/u.(H): Bound-state QED (exact)
Rev. Mod. Phys. 88 035009 (2016)

m,/m,: From muon hyperfine splitting (22 ppb)
Phys. Rev. Lett. 82, 711 (1999)

Je/2: Measured to 0.28 ppt
Phys. Rev. A 83, 052122 (2011)
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Measuring a,,

The quantities we measure:

O)a fclock wq 4° (1+Ce+Cp+le+Cpa)
(Tr) fcallb (Up (x,y,9)XM(x,y,p) ) (1+ +Bq)

Dataset # Days Tune (n) Kicker # fills | # positrons
(Apr-Jun 2018) (kV) (104) (109)

Ry

0.108 130 151 0.92
1b 7 0.120 137 196 1.28
1c 9 0.120 132 333 1.98
1d 24 0.107 125 733 4.00

Total 8.2B positrons ( ~ 1.2x BNL) 6% of our target statistics

2% Fermilab
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meas

Reconstructing positrons o o Jaoa Da (14 Cet Gt Gt Go)
“7 feaib (wp(ey, 9)xMCx,y,8)) (1+ 7 +5,)

SiPM voltages — reconstructed positron energy in time

o - -

Find waveform islands with hits 5 - ]

400 - _

over threshold (50 MeV) § 00F ﬂ :

< 300F -

Fit waveforms from WFD to i :

. 200 | .

templates (template unique - ]

to each crystal) 100 ]

Cluster across crystals to form positrons OF = A

Two algorithms... S S R

o . . 59940 59960 59980 60000 60020 60040 60060

Local: individual crystals are fit & combined

sample number

Global fit across multiple crystals

From Kevin Labe

2% Fermilab
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meas

Fitting wiggles o oo @@ (146t Gt Gt Coa)
“ feain (0pCoy, @IxMCxy, ) ) (147, +5,)

Fit to exponential decay and anomalous precession oscillation
N(t) = Nye % [1 4+ A(Ey,) cos(wgt + ¢o)]

Wiggle plot from counting positrons % " | V\/\/\/\/\/\/\/\/\/\/\/\,\N\/\M

over threshold S 10

10° | ;

Note that clock frequency is blinded ot | A
(25 ppm) [uu] = unknown time unit

10° A

[ '/J\v; E

The fit y?/ndf = 9500/4150 R

: : 0 20 40 60 80 100

Why Is the fit not gOOd? Time after injection modulo 102.5[uu]

2% Fermilab
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meas

Other frequencies o o Jaoa Da (14 Cet Gt Gt Go)
g fcalib (w,’,(x,y,¢)><M(x,y,¢))(1+ +Bq)

¥2/ndf = 9500/4150

x10°
mé_ LI e L B L B B R B B § B B
Sl JAVAVIW | : : feeo _
3 ooop | [ || (BT 1.0 - fego *fa]
2wl | | NN, 3 Y el
g moo;_ [ \/ \J’ ‘ / vl \ "/\\‘ /,4/\\\//\ é 08 :—
' o 50 8 70 8 % 100 §) 06 : N
E : ; ]
X?o;‘m'a 34 HLPTICIT. Eosf | 5 g
E  SORTA M }, # & ".’Aa} E : ; :
3 ° 0“0% ‘” 1Y, %:’ i &‘ ?
I "}‘?;"?g'&’”“" ? H Y Y
~20000 t 0.0 [ ) P W e AP At s g A s Wi Reshe g i o W e
1 s 2 L s L ) 0.5 1 1.5 2 2.5 3
30 0 50 s?r et 70 80 90 100 Frequency [MHz]
2F Fermilab
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Coherent Betatron Oscillation (CBO)

The muon beam “swims” and “breathes”

59

Time since injection: 5.0 us

[e2]
o

H
o

Illlllllllll_lrlII_,].IIIIlIIIIIII

Vertical Position [mm]
(o]

n
o

-60

_80_III|III[IIIl'IlIlIIIIIIIlIlIlIII

-80 -60 -40 -20 0 20 40 60 80
Radial Position [mm]

100

w
o

N
o

_IIII|IIII|IIII|IIII|IIII|IIII_IIII|IIII|IIII|IIII|IIII

—
o O

Mean Rad. Pos. [mm]
o

—_ = NN
o o1 O O

RMS of Rad. Pos. [mm]
(&)

Measured by trackers

o

o

e

25

30 35 40 45 50

Time [us]
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Coherent Betatron Oscillation (CBO)

The muon beam “swims” and “breathes” Measured by trackers

55 Time since injection: 5.0 us

2 _‘30:
s E [
& B E20
3000 - = E
- e 105
- _o' —
2500 — e
u & 0:
B Sl
2000 g0
1500}~ E 255
E 820F-
1000~ e
L 315:—
- m10:_
500 510E
- S sf
0_...I...I.. AT R R P T = A TR, RN EPRD: AN | RUNTS: ANOTONE | NTS: P LA
-80 -60 -40 20 0 20 40 60 80 0 5 10 15 20 25 30 35 40 45 50
Radial Position [mm] Time [us]
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meas

21 parameter fit o o Jaok W@ (14C+ 6o+ G+ Gya)
H fcalib (w{,(x,y,¢)xM(x,y,¢))(1+ + )

G,) 1 _2 T, T T T | T T T T T T T T T T T T T T T T | T T T T | T T T
g - 1 1 . f —
= . : CcBO f i
c L : + 1.
o 1.0r L | S CBO ~ 'a’]
e i 'S gL X/NDOF = 3899/4000 | | _ _. fVW ]
B e WVVWV\/\/\/\/\/\/V\NVWW ]
T 08 2
L . ‘ ]
0.6 - _
B 102 ;_ s ' ' | L L L | s s ' | s s L | s s s I_; 7]
04 I 0 20 40 60 80 100 ]
- Time after injection modulo 102.5 [us] T
0.2~ -
O O T ke o S AP

Frequency [MHZz]
£ Fermilab
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. . wmeas
Four analysis techniques o o Joo D@ (1+CetCp+ Gt Cpa)
“7 feaib (wp(ey, 9)xMCx,y,8)) (1+ 7 +5,)

Multiple analyses (with added software blinding) o2 o 1/N(A2),
th

120 T T = .

T:YN(E +) E.+ > 1.7 GeV | N
A:YA(E +)N(E +) E.+ > 1.0 GeV

R: Ratio Method splits data into two
time shifted sets and divide. Removes

08} ,

normalized FOM

T[ e wiy=1
slow t dependence (exponential decay) 0.4F A 3&):;\@) 1
o e Int ted E ]
* Q:YN(E.+) No threshold (histograms from DAQ) 0'25 Q2 oo \ ]
970 0.2 0.4 0.6 0.8 b
ythreshold 3.1 GeV
Two clustering algorithms; three pileup algorithms Y = Ey+/Emax

4 A analyses were combined for result. Other 7 analyses were cross checks
All 11 (highly correlated) analyses consistent
2& Fermilab

62



An important complication: Early-to-late effects

There is a potential problem in N(t) = Nye~t/%# cos(w,t + ¢pp)

Systematic effects sensitive to particle flux change from early in the fill to late
Introduce an effective ¢ (t)

cos(wt + ¢g) — cos(wt + p(t)) = cos(wt + pg + 't + ) = cos((w + ¢t + P + )
Failing to account for these effects would lead to a biased w, !

Possibilities: detector gain, pileup, lost muons, beam distortion

2% Fermilab
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Early-to-late effects - Gain

Temperature changes; Injection splash; SiPM recovery time

Ry

~ fclock wa

meas
(14 Co+Cp+ Coyy + Cpa)

fcalib (wz',(x,y,¢)><M(x,y,¢))(1+ +Bq)

Use Laser calibration system (in fill and between fills) to track and correct

64

T T T T 1.08F— 1 T T T T =

1.004 |- E 1.06} =

1.002 - - 5 1.04F ) N

= s -UT =)

S . bt #oattt g ; S 1.02F gi)=1.-ae E

e F H 2 1B s

5 - ] 2 - B

S 0.998 - c 098 -

g I~ ] g 096:— =

c 0.996 [ = e 0% E

« § o =0.062 = 6.2% . C 0.94- =

© 0.994 [ = = 0.92F- a=0.113 = 11.3% E

: TiB2l |8 : £ oof t=1238 ct. = 15.47 ns E

0.992 [~ = B :

- R I I S 88 .

0.99 5 £0 100 150 200 0 10 20 30 40 50 60
Time [us] At [clock ticks, c.t.]
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Early-to-late effects - Pileup

/ Low Energy

<

igh Energy

Muon Spin Direction

Calorimeter

Deduce and subtract
pileup spectrum for each dataset

Three methods:

Model based approach (Shadow)
Empirical approach
PDF approach

65

counts per 20 MeV

108
—— corrected spectrum
measured spectrum
107 —— abs(pileup spectrum)
106
10°
104
Corrected
10°
' , T T .
0 1000 2000 3000 4000 5000 6000

meas
- fclock wa (1 + Ce + Cp + le + Cpa)

featib {wpCe, v, P)xM(x,y,0)) (1+ 7, +5,)

Ry

energy [MeV]
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Early-to-late effects - Lost muons

Muon losses lead to time dependence of N

Muon loss term A(t) = 1 — K fotet’/”L(t’)dt’

Loss spectrum L(t) measured from detecting
MIP traces in calorimeters and verified by
identifying muons with E /p in stations with
tracker and calorimeter

Ll ® s
ol St oin iy

New Collimg

66

A()

- fclock wa
0=

meas

(14 Co+Cp+ Coyy + Cpa)

featib {wpCe, v, P)xM(x,y,0)) (1+ 7, +5,)

1.000

0.998 |
0.996
0.994
0.992

0.990 L——

P

PRSI T R T SR N ST S
200 300
Time after injection [us]

Rl
400 500
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21 parameter fit (again) R, ~ fo Wq

—_k
N

1.0

0.8

FFT magnitude

0.6

67

meas

(14 Co+Cp+ Coy + Cpa)

fcalib (wp(x,y,¢)xM(x,y,¢))(1+ + )

T T I
X%NDOF = 3899/4000

N/149.2 ns

lo'e WVVWV\/\/\/\/\/\/V\NVM

0

| | s 3

0 20 40 60 80 100

Time after injection modulo 102.5 [us]
1

05 A‘

feso
- fego = fa
- fyw

(=1 1 |

Frequency [MHZz]
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CheCks R zfclock wgleas

(14 Co+Cp+ Coyy + Cpa)

featib {wpC, v, P)xM(x,y,0)) (1+ 7, +5,)

Fit results should be stable against fit start time
Would show improper modeling of slow effects (e.g. gain)

Excellent stability is observed

Also checked fit is independent of

Calorimeter station

Bunch number

Run number

Time of day

Energy bin

Position within calorimeter

68

[ e Fitresult
[ —— +/- 1 sigma
[ — Kawall band

€
%
2
o
,56_
I | | Ll Ll Ll L1 L
30 40 50 60 70 80 90 100
fit start time [us]
2‘340752 . Fitresylt
F —— +/- 1 sigma
2.3407 F — Kawall band
2.34065 [—
2.3406 [
o E ® o, %00, o® ®
88 2.34055 s0e® o000 98y 2102 ‘..“" oy
= L]
2.3405 |
2.34045 =
2.3404 [
2.34035 |~
2‘34037L|‘ | | I | I I BRI |
30 40 50 60 70 80 90 100
fit start time [us]
2& Fermilab
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meas

Systematics on w['¢?* o o faoae D@~ (14 Cet G+ Gt o)
H fcalib (wp(x v, P)XM(x,y, p) ) (1 + + Bq)

lmmmm

Gain (ppb)
Pileup (ppb) 39 42 35 31
CBO (ppb) 42 49 32 35
Randomization (ppb) 15 12 9 7
Early-to-late effect (ppb) 21 21 22 10
TOTAL (ppb) 64 70 54 49

2% Fermilab
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Clock blinding - Jdock wp=ac6, )
H fcalib (w;,(x,y,¢)xM(x,y,¢))(1 + + )

Locked Clock Panel

Clock detuned (40 — €) MHz +25 ppm

Blinding factor known to only two people outside
of collaboration

Checked weekly

Each run is
separately blinded

blinding the clock in 2018

2% Fermilab
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Beam dynamics corrections

— e[ B
w, =——1\a
a mcl #

F\y +1

C., Electric field correction

Muon beam momentum distribution
xe 2 (xg)
Ap/p=0—-n)— C,=2n(1-n)p*—

r
1

0.8

Arbitrary Units

0.6

0.4

0.2

O\ L 1 Il
40 30 20 10

I L
10 20 30 40
Equilibrium Radius [mm]

Mean x, and width determined by Fourier
analysis of the decoherence rate of
incoming bunched beam (6mm, 9mm)

Ce ~ 450 ppb,é¢c, ~ 50 ppb

71

) (8- B)F — (an

RI

~fc10 kwmeas(l_l_ Ce + Cp + le +Cpa)

U

=) (B<E)

Cp Pitch correction

From vertical beam oscillations

n (42
Cp:_(_z)
4 RZ

A is vertical oscillation amplitude

Measure with trackers and average over ¢

£ F
£ 16000
"3 14000F
< E
2 12000
10000F
8000F
6000F
4000F
2000

— — Ampiitude Fit E
——— Width/Acceptance Corr ecnon_

0

C, ~ 200 ppb, s, ~ 20 ppb

I | L 4y I
10 20 30 40 50
Vertical Oscillation Amplitude [mm]

fealib ( w;’)(x: v, 9)XM(x,y, p) ) (1 +

+ By)

C,u Muon loss correction

(Muon momentum-phase correlation) +
(loss rate depends on momentum) lead to

tiny phase shift ¢ r ]
% ‘:; TN 3
Verify phase-p & ¢ N ;
relation with e N
simulation and i Kb i ORI |
changing magnet | _wnm
field £ros] ‘ b I:_wh":;
DR collimators ~ * T,
used to bias MW’W*E
p, distribution 1 S

Time [ps]

Cru < 20 ppb,d¢,, ~ 5 ppb
£ Fermilab



Rt n Jock @8 (1 + Ce + Cp + Cru + Cpa)

“7 featb (@0p(ey, 9IXMCx,y, 0) ) (1+ 1 +1,)
(Beam changing early to late) + (measured phase depending on decay coordinates)
lead to...

dp _ d¥rms _d¢

Phase acceptance correction

Aw, = # 0 Damaged ESQ resistors exacerbated stability of beam distribution
dt dt  dYems
£ 58 E—‘ E (b) ' I I I I ] g c:"l""l T 5 RERAR R III”—IIP;I'aIs;I T
> F ] (@) ~
> 5 c 145 — E F SN - Early Beam
3 o 2 C g g —10- N e Late Beam
N 20 € 3 I ] © B
o % 14— =1 o
7} w© i 7 - —20
0 g £ 13sf = £
o g - E' E k=) L
-40 B s B 1 §’ =2r
2 13- — c 1
2 g Ea' ] S 5\ b
50 8 N S R 2 4of .
125F e erae gty ¢ i oy ,,.,-., ,oi‘m,,v,'n”h it 'I*{H: C N E
-60 . ] -50- \h 7
— 120000 #4020 0 G o0 i B s T paE o s A I WU B D B S
-40 -20 0 20 40 0 50 100 150 200 250 300 -40 30 20 -10 0 10 20 30 40
Decay x [mm] Time [us] Decay Y [mm]

Extensive use of several simulations (Geant, BMAD, COSY) tuned to data from trackers and calorimeters

Cpa~ 200 ppb, 5cpa~ 80 ppb Fixing resistors for Run 2 should make C,, < 50 ppb

2% Fermilab
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Phase acceptance correction o Jetock o (14C,+ G+ G + Cpa)
© feaiin (wp(,y, @)xMCx,y, @) ) (1+ 100+ 5,)

(Beam changing early to late) + (measured phase depending on decay coordinates)
lead to...
dp _ dYrms _do

Aw, = # 0 Damaged ESQ resistors exacerbated stability of beam distribution
dt dt day,
rms

E £ 15:.(.b)..,....l....l....l....l.... N —
- -10 = £ ] _ E
g = £ 1455 3 21.3 +¢++ t } t } g
3 20 E 2 F ] -21.35 E
2 = T 14 = _ E
9 = A T 214 =
30 © £ 135: E E + Data : Run 1d 3
= $ F ] = 2148 — 0, + Ape™” E
40 8 & b E £ o1 ¢, =-21.319 +0.004 mrad ]

o Bl 2 T} : A¢=-0.34 + 0.03 mrad
50 & - e e f -21.55 1=30.4 +3.1 us =
. 12'5:_ 000 4y ,.,...o..,,.o,,..”om,mommrg P ¥/ ndf =52.4/45 E
Y O S A S 12;....l....l....I....I.H.I...._ T U P T P NS NN
-40 -20 0 20 40 0 50 100 150 200 250 300 50 100 150 200 250 300 350 400 450

Decay x [mm] Time [us] Time [us]

Extensive use of several simulations (Geant, BMAD, COSY) tuned to data from trackers and calorimeters

Cpa~ 200 ppb, 6Cpa~ 80 ppb Fixing resistors for Run 2 should make C,, < 50 ppb
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felock wg)eas(l +Co+Cy+ Gy + Cpa)

~

: : : =
Measuring the Field (again) Foatin {@)(63, ) xM(x,y,$) )0+ +7)

We need to determine B to < 100 ppb
Use NMR probes to measure B in terms of proton precession

frequency w,

Trolley maps field

378 fixed probes
every 3 days

monitored 24/7

100.00 mm ,
Serial inductor coil Base piece w.

double crimp connection Outer crimp ring
|

End cap with tapped hole

Inner _conductor of capacitor

nner
PTFE tuning piece with slot

-4 -30 -20 -10 0 10 20 30 40

horizontal position [mm]
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Trolley cross-calibrated to absolute probes
Absolute probes all cross-calibrated ina 1.45 T
MRI magnet at Argonne National Laboratory

macor support

PT1000 macor support  aluminum shield

RF coil  water sample plastic support

electronics RF coil support

254 mm
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felock wcrlneas(l +Ce+Cp+ Gy + Cpa)

f catib ( w;,(x, y, ) xXM(x,y, ) >(1 + B+ By)

Field Measurement Ry ~

Trolley maps magnetic field in storage region I A I
at about 9000 locations over the entire azimuth e 05 A AL ;
Q

every 3 days = sof !
%g s0E- ' Dipole e
. . . 2o = 3
Fixed probes track field in between trolley runs - OWWWW
~ FT ~— * ~ T =~ T = T ™ " ' & '50? =
T :’M e corrected ’ gz T
. -~ 100 . ted S E 401 N | Quadrupol -
Correct with random € ™ - o wleywet ] <& F ormal Quadrupoie :
. C L 2 Il lue 2 0 WW\M“-\/-WW
walk (Brownian 5 SF \:"\\v e i | :
bridge) model € b e’ El Py - TR
; W:\\\ - {:g 40f- Skew, Quadrupole E
r B m Qo n , 5' ! —
50 e I o&»%%ﬂﬁww
C WA a 7 il . .
-100 '\Jld‘o__ -40— I ‘—_

0 50 Ol R 0 100 200 300
Time [h] Azimuth (deg)
£ Fermilab
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fclock w(rlneas(l + Ce + Cp + le + Cpa)

f catin (w{a(x,y,qb)xM(x,y,qb))(“ + Bq)

Muon weighting Ry~

Beam moments are estimated

with the trackers 'c
O 125
Interpolated field maps averaged _5 %)
over 10s periods and weighted = 100 =
by number of detected positrons 8_ i
> 75 £
Field and beam moments folded :
on scale of three hours 50 S
>
25 =
Uncertainties from probe calibrations, field maps,
tracker alignment and acceptance, calorimeter 0

acceptance, and beam dynamics modeling -4 <9 0 D 4
X position [cm]
) &~ 56 ppb
2% Fermilab
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Kicker transient field

150 ns ~ 200 G kicker pulse produces eddy
currents; NMR probes shielded by vacuum
chamber wall; Kicker off for trolley runs

Installed a Faraday magnetometer
to measure field

r_\1,0_...,...,.,.1...,,.._
= C ]
E 00_ L T
© 0.0f , : -]
. B A WW\\,,“\‘;
1.0 [ R
‘2~0; Data™]
e — Fit
| ! 1

: ) " N N N " ) N l " ) N l N N , =
0.0 0.2 0.4 0.6 0.8 1.0
Time After Kick (ms)
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felock w(rlneas(l +Co+Cp+ Gy + Cpa)

R/

* " Feativ (wp(x,y, )xM(x,y,¢) ) (1 + +B,)

Fit to exponential for fill fit time

By ~ 30 ppb, 65, ~ 40 ppb
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meas(1 + C, + Cp + Coy + Cpa)

. . I felock Wa
ESQ transient field R e Gy, B Mo 7 ) T (Lt Tt B,

Pulsing quads introduces mechanical vibrations 2 400f AT
Oscillating conductor perturbs field § 200f
g o
Built special NMR probes to map the effect 8 200}
-400 B
Averaged over 8 bunches and over 43% of ring - ~30 60 80 100
with Quad coverage Time (ms)
3200:"‘I""""I""I‘
g Tk
B, ~ 17 ppb, 65, ~ 92 ppb -
i OF
_ _ _ 2 -100f
Uncertainty dominated by incomplete map § P E
Expect to reduce x2-3 for Run 2 and after 300E- E
B R T R R
Time (ms)

2& Fermilab
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felock wcrlneas(l +Co+Cp+ Gy + Cpa)

Corrections & Uncertainties Rl ~ !

K fcalib (wp(xly;¢)XM(x'y!¢))(1 + +Bq)
Correction Uncertainty

Quantity terms (ppb) (ppb)

] (statistical) cos 434

@ (systematic) e 56

Cs; 489 53

Cy 180 13

Coi -11 3

Cra —158 75

feaiv{@, (x,y, @) x M(x,y, ¢)) e 56

By =27 37

B, -17 92

Wy (34.7°) [, = 10

m,/m, e 22

9e/2 e 0

Total systematic cos 157

Total fundamental factors e 25

Totals 544 462

2% Fermilab
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. , WP (14 C, + Cp + Coy + Cpiy)
R =~
Blinded results R P W e Y e
T xz/ndf=6.8/3
il [+1.750] P(%2)=7.8%
I A
8 3.707305
S (+0.530 ] Statistical uncertainties
X 10120 —® s dominate, so
13 By measurements are
o PR largely uncorrelated
I L
|y - T
> ,
1 1-1.860 |
3.707295 - v
Runla Runlb  Runlc  Runld
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Are we ready to unblind (February 25, 2021)?

2% Fermilab
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Like landing successfully on Mars
A "“,"l Illll
S W
“ .lllll
(1RRNE
| r

= W

’ b

-"k“‘*—h"-h
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The result and comparison to SM (Announced April 7, 2021)

BNL g-2 - e
FNAL g-2 4 o ;
< 4.20 >
o +—e—1
Standard Experiment
Model average

17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0 21.5

a,-10° — 1165900
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BNL: 540 ppb
Couldn’t find anything needing change

Are we independent?

* New beamline (higher purity)

* New calorimeters (segmented)
+ Better shimmed field

* New trackers

* New kickers

* New field metrology

* More powerful simulations

* New people

Analyses are like BNL, but no problems
found in past 20 years
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The result and comparison to SM

BNL g-2 - e
FNAL g-2 4 o ;
< 4.20 >
o +—e—1
Standard Experiment
Model average

17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0 21.5

a,-10° — 1165900
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FNAL Run 1

a, = 116 592 040(54)x10~'* (462 ppb)

Statistical: 434 ppb
Systematic: 157 ppb

Good agreement with BNL
(FNAL 15% smaller uncertainty)
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The result and comparison to SM

BNL g-2 - e
FNAL g-2 4 o ;
< 4.20 >
o +—e—1
Standard Experiment
Model average

17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0 21.5

a,-10° — 1165900
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Combined Experiment
a, = 116 592 061(41)x107* (350 ppb)

a, (exp) — a,(SM) = 0.000 000 002 51(59)

Significance of tension is 4.20

Individual tensions with SM
BNL: 3.70
FNAL: 3.30

2% Fermilab



Outlook
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Data we have right now

Last update: 2021-04-11 01:30 ; Total = 10.38 (xBNL)

)
prd
m 5| Muon g-2 (FNAL) _
X y 4
G>) o
= 8
(_“ -
£
8 6 Aﬂ-3
+q,) 4 - //
= Run-2
T 2
0 Run-1
\ '\% \ '\% '\g \ '\g \"LQ \(L'\ ,\ \

N WO N W W\ W\ \ N

0\,@6 ’\’5 0’\’“\9 A 3 0’\ s \\ Q’\’3 A PQ ()’\’5

Run 1 is 6% of full dataset

Plan to publish Runs 2+3
Summer 2022

Reduce uncertainty x2
Systematics on track < 100 ppb

Lots of Run 1 problems fixed
We’re taking Run 4 now

Planning to reach 20xBNL and
yet another 2x reduction in
uncertainty

Expect a lot of activity in the Muon
g-2 theory initiative too
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Read all about it!
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